Close binary systems often show linear polarization varying over the binary period, usually attributed to light scattered from electrons in circumstellar clouds 1,2,3 . One of the brightest close binary systems is Spica (Alpha Virginis) consisting of two B type stars orbiting with a period of just over 4 days. Past observations of Spica have shown low polarization with no evidence for variability 4,5,6 . Here we report new high-precision polarization observations of Spica that show variation with an amplitude ~200 parts-per-million (ppm). Using a new modelling approach we show that the phase-dependent polarization is primarily due to reflected light from the primary off the secondary and vice versa. The stars reflect only a few per-cent of the incident light, but the reflected light is very highly polarized. The polarization results show that the binary orbit is clockwise and the position angle of the line of nodes is 130.4 ± 6.8 degrees in agreement with Intensity Interferometer results 7 . We suggest that reflected light polarization may be much more important in binary systems than has previously been recognized and may be a way of detecting previously unrecognized close binaries.
True reflection from stars has been little studied, and the amount and the polarization of light reflected from stellar atmospheres of different spectral types does not seem to have been previously determined, either from observation or modelling. We therefore did initial calculations using stellar atmosphere models from the Castelli & Kurucz solar abundance grid 16 . We used our version 13 of the SYNSPEC spectral synthesis code 17 that has been modified to include polarized radiative transfer using the VLIDORT code from RT Solutions 18 . We calculated the percentage reflection of light at normal incidence in the form of the radiance factor (I/F) -the reflected light as a fraction of that from a perfectly reflecting Lambert surface. In addition we calculated the polarization of the reflected light for a 90-degree reflection (45 degree angle of incidence, 45 degree angle of reflection). The polarization calculations included the polarizing effects of electron scattering (important in hot stars) as well as Rayleigh scattering from H and He atoms and H 2 molecules (important in cooler stars). These results are shown in Fig. 2 . It can be seen that most stars are quite poor reflectors with a solar-type star reflecting less than 0.1% of the incident light. The light that is reflected is, however, very highly polarized. This is because scattering is predominantly single scattering. However, for hotter stars and low-gravity stars where electron scattering becomes a more important component of the opacity, the reflectance increases to a few per-cent, and the polarization drops a little due to the increase in multiple scattering.
To model the Spica binary system we use the Wilson-Devinney formulation 19 as extended 20 to include eccentric orbits and non-synchronous rotation. This allows us to determine the geometry of the tidally-distorted stars and the distribution of gravity and hence temperature across their surfaces. We create a set of ATLAS9 stellar-atmosphere models to cover the range of T eff and log g values needed for each star. For each stellar atmosphere model we use SYNSPEC/VLIDORT as described above to solve the polarized radiative transfer equation for a range of geometries for both thermal emission and reflected light. We use a grid of regularly spaced "pixels" to cover the observer's view of the system for a specific orbital phase angle. Then for each pixel that overlaps one of the stars we determine the log g value and geometrical parameters for that pixel and interpolate in our set of model calculations to obtain the intensity and polarization of direct and reflected light for that pixel (see Methods for further details).
The inputs required for the model are largely determined by previous photometric and spectroscopic studies of Spica 21, 22, 23 , which have led to the orbital and stellar properties listed in Table 1 . An example of the modelling process is shown in Fig. 3 where we show the gravity distribution across the stars, the intensity and polarization of the reflected light, and the intensity and polarization of the total light including reflection and emission. It can be seen that although the reflected light is a very small fraction of the total light, it is very highly polarized. Furthermore the pattern of polarization, for each star centered on the other star, leads to a large integrated polarization, whereas the polarization of the emitted light largely cancels when integrated over the stars. The integrated polarization from the model is shown as the solid lines on Fig. 1 . This modelled polarization curve has been least-squares fitted to the data points using a three-parameter model, where the parameters are a rotation in position angle, to allow for the orientation of the orbit on the sky, and the polarization offsets in Q/I and U/I.
There are no adjustable parameters in the model that change the amplitude of the polarization curve. The amplitude is determined entirely by the adopted parameters taken from the literature as listed in Table 1 . Thus the agreement of the modelled amplitude with that observed is a good test of our assumptions, and verifies our hypothesis that the observed phase dependent polarization variation can be understood entirely in terms of the stellar photospheres. The agreement of the data with the model is even better if only the higher-precision AAT data is used (see Supplementary Fig. 1 ). The lower two panels of Fig. 1 show the contributions of various processes to the total amplitude. Most of the polarization variation is due to reflected light from the two stars. Tidal distortion of the primary causes mostly a constant polarization due to the rotational flattening of the star, with only a small phase dependent part. The tidal distortion of the secondary was included in the model but the effect is negligible.
The Q/I and U/I offset values determined in our fit must be added to the modelled binary polarization to fit the observations. The most likely interpretation of these offset values is that they represent the interstellar polarization along the line of sight to Spica. The distance to Spica is 77 ± 4 pc according to its Hipparcos parallax 24 or 84 ± 4 pc from interferometry 7 . Interstellar polarization is typically small (~0.2 to 2 ppm/pc) within the Local Hot Bubble 10, 25, 26 but increases steeply at larger distances. The distance of Spica puts it near the edge of the Local Hot Bubble and therefore the observed offset value of ~250 ppm seems plausible as interstellar polarization at this distance. Measurements of the nearby star 69 Vir 5 , which given its spectral type is likely to be intrinsically unpolarized 10 , are of a similar magnitude and therefore consistent with this conclusion.
The third fitted parameter applies a rotation to the polarization position angles to match the model to the observations. This determines the position angle of the line of nodes of the orbit for which we obtain Ω = 130.4 ± 6.8 degrees (See Supplementary Fig. 2 ). The intensity interferometer data 7 on Spica also determined Ω as 131.6 ± 2.1 degrees. The good agreement between these values provides further confirmation for our interpretation of the polarization. The polarimetry also shows that position angle decreases with orbital phase implying a clockwise sense of rotation of the orbit (since position angles are measured anticlockwise from north), which also agrees with the intensity interferometer determination 7 .
Several orbital parameters adopted for our modelling have uncertainties or discrepant values in different studies. To test how this impacts on our results we have run models with altered values for key parameters. We find that changes in eccentricity and inclination comparable with the uncertainties do not significantly affect our results. Changes in the argument of periastron ω have the effect of moving the model in phase and this changes the fitted values of Ω and the polarization offsets. The errors we have quoted on these parameters derive almost entirely from propagating the 7 degree error on ω in this way. Table 1 also includes the geometric albedos for each star which were calculated from our model by adjusting the orbital elements ω and i to give a face-on fully-illuminated view of each star and then calculating the geometric albedo from the fractional reflected flux. The values (3.61 % for the primary, 1.36 % for the secondary) are, to our knowledge, the first ever determinations of geometric albedos for stars. They are lower than those of planets in our Solar system and near the bottom of the range seen in hot Jupiter type exoplanets 27 , which range from 3% to 40%.
Our results show that reflection is the main cause of phase dependent polarization in Spica, and similar effects are expected in other binary systems. The polarization will be largest if the stars are hot, close and have low gravity. In favourable circumstances the amplitude could be much larger than the ~200 ppm observed in Spica, and may account for some or all of the polarization that has previously been attributed to scattering from circumstellar material.
The frequency of stellar multiplicity varies strongly with mass and is high for massive stars but the figures are still uncertain due to bias and incompleteness 28 . Close binaries seen in face on orbits would go undetected by both spectroscopic and photometric methods, but could be detected by reflected-light polarization. In the case of a face-on circular orbit the degree of polarization would be constant but the position angle would vary with phase leading to a detectable signal.
Figure 1 | Polarization observations and modelling of Spica.
The observations were made with no filter except for the green points which were made in an SDSS g' filter. Error bars are one-sigma internal errors derived from the statistics of the data. The black line is our modelled polarization curve for Spica for a wavelength of 450 nm. The lower panels of the plot show the contributions to the phase-dependent polarization deriving from reflected light from each of the stars (where star A is the primary and star B is the secondary) and from the tidal distortion of Spica-A. The contribution from tidal distortion of Spica-B is negligible. 
Methods

Observations and calibration.
The observations of Spica used three telescopes and three instruments. The telescopes were the 35 cm Schmidt Cassegrain telescope at the UNSW observatory in Sydney, the 60 cm Ritchey Chretien telescope at Western Sydney University's (WSU) Penrith Observatory, and the 3.9 m Anglo-Australian Telescope at Siding Spring Observatory, New South Wales.
The instruments used were three different variants of our ferroelectric liquid crystal (FLC) based high-precision polarimeters. All instruments have in common the use of FLC modulators operating at 500 Hz, polarizing prism beam splitters and Hamamatsu H10720-210 photomultiplier tubes as detectors. The High Precision Polarimetric Instrument (HIPPI) 8 was used for observation on the AAT from 2014 to 2017. Mini-HIPPI 9 was used on the UNSW telescope, and our newest instrument HIPPI-2 was used for observations during 2018 on both the WSU telescope and the AAT.
HIPPI-2 is a new instrument that has replaced HIPPI. It is extremely versatile being small enough to mount on small telescopes, but also works effectively on large telescopes. HIPPI-2 uses the same modulator, Wollaston prism analyser, and detectors as HIPPI. However, the optical system has been redesigned for a slower input beam (f/16) and the simpler optics has led to significantly improved throughput. On telescopes with faster optics such as the AAT f/8 a relay lens can be used. HIPPI-2 uses a modulation and data acquisition scheme similar to that of Mini-HIPPI 9 with two stages of modulation, 500Hz from the FLC, and then a whole instrument rotation using a rotator built into the instrument. Compared with HIPPI, that used the telescope's own rotator, this makes observing faster and more efficient. The measured precision of polarimetry with HIPPI-2 on the AAT is comparable to or better than the 4.3 ppm precision initially obtained with HIPPI 8 . A bandpass model 8 is used to determine the effective wavelengths and modulation efficiency correction for each observation. The bandpass model takes account of the transmission of all the optical components in the different instrument configurations, and has recently been upgraded to take account of airmass as well. In terms of the Spica observations, for which we've assumed a B1V spectral type (representing the combined light of both components) without reddening, the transmission differences are largely restricted to wavelengths shortward of 400 nm. Two different FLCs were used with the three different instruments; a Micron Technologies (MT) unit was used exclusively for the Mini-HIPPI observations, whereas the same Boulder Non-Linear Systems (BNS) modulator was used for HIPPI and HIPPI-2 observations. The performance characteristics of the BNS unit drifted over time, and it was necessary to recalibrate it periodically using multi-band observations of high polarization standards. Tests carried out on the MT modulator showed its performance to be stable throughout our observations. We list the BNS performance characteristics for various eras in Supplementary Table 1 .
The telescope tube and mirrors impart a small polarization known as the telescope polarization, or TP, which has to be subtracted from each measurement. We determine the TP by making repeat observations of a number of low polarization standard stars, a summary of which is given in Supplementary Table 2 . On the AAT, so long as the mirrors are not realuminised or the instrument reconfigured, the TP is stable between runs, and successive data sets can be combined; otherwise each TP determination corresponds to a single run.
The polarization position angles (PA) also have to be calibrated. This is done with reference to polarized standard stars with known PAs, which are observed in either a clear or a green filter. A list of the standards used for each observing run is given in Supplementary Table 3 . The errors in the standard PAs are of order 1 degree; consequently the PA calibration has a similar precision.
During July and August of 2018 the drift in modulator performance also resulted in a rotation of the PA at blue wavelengths. To correct for this observations made in clear were rotated to varying degrees based on their effective wavelength. The correction was based on a quadratic fit to g', 425 and 500 nm short pass band measurements of high polarization standards. The maximum PA correction applied to Spica observations in August was 2.0 degrees, in July it was less than 1 degree.
The full list of observations used in this study is given in Supplementary Table 4 .
Polarized radiative transfer.
Polarized radiative transfer was carried out using the Vector Linearized Discrete Ordinate Radiative Transfer (VLIDORT) code 18 . This code has been widely used in Earth atmosphere applications but since it provides a completely general solution of the vector (i.e. polarized) radiative transfer equation, it is equally suited to applications in astronomy. In our past work we have applied it to the atmospheres of planets by incorporating it into our VSTAR planetary atmosphere code 29 and verified the results by reproducing past calculations of the polarization phase curves of Venus 30 . In addition we have applied it to stellar atmospheres 13 verifying the results against past calculations and successfully modelling the observed polarization in the rapidly rotating star Regulus 13 . The current work is an extension of that approach, which was based on integrating VLIDORT with the SYNSPEC spectral synthesis code 17 . The methods we have used previously 13 enable the calculation of the specific intensity and polarization emitted from a stellar atmosphere model as a function of wavelength and of the viewing angle (µ = cos θ). The addition needed for this study is the calculation of the reflected light and its polarization. We make the simplifying assumptions that the external illumination is provided by an unpolarized point source, and that the structure of the stellar atmosphere is unchanged by the external illumination. It is then straightforward to calculate the reflected light intensity and polarization using VLIDORT. However, instead of requiring a single geometrical parameter (µ), the result now depends on three parameters, the viewing zenith angle (µ), the illuminating zenith angle (µ 0 ) and the azimuthal angle between the two (φ -φ 0 ).
For the binary star models we used SYNSPEC/VLIDORT to calculate the specific intensity and polarization for each required stellar atmosphere model. Separate calculations were carried out for the emitted radiation and reflected radiation. In the emitted light case values were output for 21 µ values and can then be interpolated to give the result for any required viewing angle. In the reflected light case a coarse grid of geometrical parameters were used with 9 µ values, 9 µ 0 values and 13 azimuths (at 30 degree intervals). Only 7 azimuths need to be calculated as the values above 180 degrees can be obtained by symmetry. Values for any required geometry are then obtained by 3D spline interpolation. The illuminating flux is set to one, and the results can later be scaled when that actual illuminating flux is known.
Binary star modelling
The binary star modelling is based on the extended Wilson-Devinney formalism 19, 20 . The geometry of each star is described as an equipotential surface using an extended definition for the dimensionless potential Ω that allows for eccentric orbits and non-synchronous rotation 20 . We adopt a coordinate system in which the two star centres lie along the x-axis, the orbit is in the xy plane, and the centre of mass of the primary star is at the origin. The surface of the star has constant Ω, and the vector (dΩ/dx, dΩ/dy, dΩ/dz) is in the direction of the local normal to the surface, and has magnitude equal to the local effective gravity. We can also define the vector towards the secondary component, which, at a point x, y, z on the surface of the primary is (d-x, -y, -z) where d is the distance between the two stars, and define a third vector towards the observer, which depends on the orbital parameters and phase. From the relationships between these three vectors we can derive, for any point on the star's surface the geometrical parameters µ, µ 0 and φ-φ 0 , described above, as well as the rotation angle ξ needed to rotate polarization vectors from the frame of a local atmospheric model to the observers coordinate system. The sizes of the two stars are defined by reference values for the dimensionless potential Ω given at periastron. For an eccentric orbit Ω is assumed to change with orbital phase in such a way that the volume of the star remains constant. We also need to specify the rotation parameters F for each star, which is the ratio of the angular rotation rate to the synchronous rate. Our adopted values for these parameters are given in Table 1 .
We adopt values for the polar temperature and polar gravity 21 of each star. At any point on the star we calculate the local effective temperature assuming von Zeipel's law, which for binary systems is found to be a reasonable approximation to more sophisticated recent models 31 . For each star we use a set of ATLAS9 stellar atmosphere models with a range of T eff and log g values sufficient to cover the gravity variation over each star.
Following our previous approach 13 we adopt a uniform pixel grid with a pixel spacing of 0.0025 times the semi-major axis, in the observer's coordinate system, for a given orbital phase. For each pixel that overlaps a point on one of the stars we determine the local effective gravity and geometric parameters for that point, as well as the distance of the point from the other star. We interpolate in the set of model atmospheres, first in gravity, and then in geometry, to obtain the intensity and polarization of emitted light and reflected light for that pixel. We can use the data to plot images with overlaid polarization vectors as in Figure 3 , or we can sum all the pixels to obtain the integrated polarization for each phase, to produce the modeled phase curves used in Fig. 1 .
Uncertainties in orbital parameters
The binary parameters listed in Table 1 have uncertainties associated with them, and there are in some cases significant differences in values from different sources. In particular for the eccentricity we adopt 22 the value of e = 0.133 ± 0.017 listed in Table 1 , but an alternate source 21 gives a value as low as 0.108 ± 0.014. To test the effect on our results we have done additional model calculations with the values of ω, i and e changed from their nominal values. The results are shown in Supplementary Fig. 3 . For the argument of periastron ω, the nominal value of this time dependent (due to apsidal motion) parameter for the mid point of our observations is 288 degrees, but with an uncertainty of ±7 degrees 19 . We therefore ran models for the values of ω = 281 and 295 degrees. We found that a good fit to the data could still be obtained, provided the three-parameter model fit was redone for the new models, since there was a strong correlation between the adopted value of ω and the fitted value of Ω and the polarization offsets. The uncertainties on the fitted parameters listed in Table 1 derive from this source.
Changing the eccentricity e to the value of 0.108, as described above, leads to only a small change in the resulting phase curves, which are still a good fit to the observations. Changing the inclination i by an amount comparable with the uncertainties also has only a small effect, and in both these cases there was no need to redo the three-parameter model fit. These results show that our conclusions are largely independent of uncertainties in the orbital parameters.
Wavelength dependence of reflected light polarization
The detailed phase-dependent modeling of the Spica binary system was carried out at a wavelength of 450 nm, approximately the effective wavelength of our observations. However, while it is much more computationally demanding, our modelling techniques allow calculation of the full wavelength dependent polarization. In Supplementary Fig. 4 we show the polarization of the reflected light from the primary, as a fraction of the total light from the system, for phase 0.222. This is the same phase shown in Fig. 3 , and is about where the polarization due to reflected light reaches its maximum. It can be seen that the polarization of the reflected light increases to the blue up to about 390 nm and then falls at shorter wavelengths. The flux distribution of the binary system, from the same model is also shown, together with the instrumental and Earth atmosphere response for our various instrument and filter combinations.
The plot shows that the adoption of 450 nm for our modelling is a reasonable approximation. It does however, also show that small changes in the wavelength response, due for example to airmass differences, could account for some of the scatter seen in our observations.
Simplifications
We note that our current approach involves a number of simplifications in the modelling. While the geometry of the stars are modeled in detail when considering the reflection and emission, the illuminating star is treated as a point source in each case. Furthermore the atmosphere of the reflecting star is assumed to be unchanged in structure by the external illumination. The latter in particular is known to be incorrect and means that we are ignoring the heating, which is accounted for in the classical treatment of the misnamed "reflection effect". This effect is known to be important in correctly modelling binary light curves, but we believe this simplification has only a small effect on the resulting polarization, as it can be seen from Fig. 2 that a small change in temperature has only a very minor effect on the reflectance and polarization.
Data availability: All processed data generated during this study is included in this published article (and its supplementary information files), the raw data files are available upon reasonable request. All other data analysed in this work comes from public repositories, where this is the case the origin of the data is indicated in the text. * The standard deviation in PA determination is larger than usual for 2018JUL, this is mainly due to the measurement for HD 203532 being 2.8 degrees greater than the determined mean. 
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